Coalescence of grains was investigated using the two-sphere model to clarify the effects of boundary energy and grain size at the initial stage of sintering.
Introduction
When ceramic fine powder compacts are heated at high temperature, grains in the powder compacts become more close packed by expanding their grain boundaries, and smaller grains shrink while larger grains grow due to mass transport among grains. These two phenomena, sintering and grain growth, are the main processes which take place in the initial stage of densification.
If grain growth predominantly occurs, grains coarsen and densification by sintering is considerably retarded. The sintering and grain growth phenomena seem to be affected by factors such as surface energy, grain boundary energy, grain size and grain size distribution.
To obtain dense fine-grained ceramics, it is very important to investigate the influence of these fac tors on sintering and grain growth behavior.
The sintering and grain growth phenomena have been ex tensively investigated, and many rate equations have been proposed.1)-6) The theories and the rate equations for these phenomena established so far are based on the concept that mass transport is driven by the differences in curvatures be tween the surface and neck of grains. Therefore, the theory cannot be used to correctly evaluate the role of grain boun dary energy on the densification behavior of a fine powder. Moreover, it seems incorrect to assume that there is a poten tial gradient in crystalline solid due to surface and neck curvatures.7), 8) The author9) previously reported new rate equations for sintering and grain growth which were based on Inomata's free energy theory for mass transport.10) In this theory, it is assumed that excess free energy of a sys tem directly drives mass transport.
The new rate equations for sintering were formulated using the two-sphere models and by accounting for surface energy and grain boundary energy.9) They included, therefore, parameters such as the ratio of grain boundary energy to surface energy and the ra tio of smaller to larger grain size, and explained the effects of these parameters on sintering and grain growth phenome na very well.
In the present study, the coalescence behavior of two con tacting spherical grains was simulated using the proposed sintering and grain growth theories.9) First, two rate equa tions for sintering and grain growth were derived using the two-sphere models. Secondly, the geometrical changes of two contacting grains were repeatedly calculated using the equations, and coalescence behavior of two grains was simu lated.
In area expands and the distance between two grains shrinks without any volume change in either grain ( Fig. 1 (a) ). Grain growth is defined as the process in which mass trans port occurs between the two grains, whereby the larger grain grows and the smaller one shrinks while maintaining a constant grain boundary area ( Fig. 1 (b) ).
(a) (b) ( 3 ) where Vm is the molar volume of the material. The condi tion of constant volume of each grain is (r1+x1)2(2r1-x1) =constant , and the amount of mass needed for sintering is The mean diffusion area am(x) in Eq. (10), which is equiva lent to that of the small volume dv at x in grain 1 in Fig. 2 (4), (8), (12) and Eqs. (6), (7), (8), (12), the following two rate equations are obtained. and Equation (13) represents the rate of sintering or the change in the distance between the grain center and grain boundary upon sintering, and Eq. (14) represents the rate of grain growth. The rate equations for grain 2, dX2/dt and dr02/dt, can be obtained by substituting r02 for r01, X2 for X1 and 1/R0 for R0 in Eqs. (13) and (14). In Fig. 4 (a) , X1 exhibits a concave curve and has a mini mum when R0 (0) 5 (b) ) . Subsequently, grain 1 grows and grain 2 shrinks ( Fig.  5 (c) ). (1) Grain boundary expansion by sintering predomi nantly occurs at the beginning of coalescence.
(2) After the grain boundary expands by the sintering process, grain growth gradually becomes dominant.
(3) The smaller the ratio of grain boundary energy to surface energy becomes, the faster the coalescence of the two grains.
